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Abstract A freeze concentration system with two-stage heat pump was investigated for pre-concentrating sugarcane juice in a jaggery making process. Two identical vented double-wall tube-and-tube heat exchangers were used as latent heat exchangers. One latent heat exchanger was operated as an evaporator, which selectively froze water from the juice. Another latent heat exchanger was operated as a condenser, which melted ice formed in a previous half cycle. Excess condenser duty, as a result of compressor work input and heat leakage into the cold sections of the system, was rejected with the help of second-stage compressor and concentrated juice and water heater. High juice velocity in the tube-and-tube heat exchanger helped to reduce inclusion in layer freezing. Raw juice was pre-cooled in a three fluid heat exchanger using concentrated juice and cold water streams from the latent heat exchangers. Pre-concentration of sugarcane juice from 20 to 40°Brix helped to save about 63% of bagasse. Heat removed during freezing was one-seventh of that required for evaporation. R290 was found the best option amongst refrigerants R744 (CO 2 ), R290 (C 3 H 8 ) and R22 (CHClF 2 ). Performance of system was evaluated considering the effect of thermal mass, ambient heat gain, variation in freezing point depression and ice layer thickness. Cooling COP of 14 can be achieved in a practicable system with evaporation at -8°C, condensation at 3°C and the excess heat rejection at 34°C. This shows that specific energy consumption can be as low as 8.8 kWh e /m 3 of separated water.
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Introduction
The conventional process of jaggery making uses bagassefired open-pan process to evaporate water from the sugarcane juice. It usually consumes entire bagasse, and sometimes, additional fuel is required. Pan surface is exposed to very high temperature on the flue gas side. Hot spots on the pan result in inversion and caramelization of sugar in the juice. Caramelization is one of the main reasons for darkening of jaggery. Dark jaggery fetches less market value than golden yellow jaggery. Freeze pre-concentration using heat pump (Rane and Jabade 2002; Rane et al. 2003; Rane and Jabade 2005; Jabade 2006 ) separates water selectively from raw juice at freezing temperature of -8°C evaporator, 10°C condenser while melting ice and 36°C for excess heat rejection to ambient air. Specific energy consumption was 15 kWh e /m 3 water separated. This process has the potential to save significant amount of bagasse. It ensures that raw juice remains at low temperature during the initial phase of water removal. Reduction in size of the pan/s and the time required for boiling reduces the exposure of the operators to the hot environment, thus helping reduce the heat stress experienced by the operators. Saved bagasse can be used for on-farm composting and enabling organic farming. This paper reports evaluation of an improved freeze preconcentration process integrated with two-stage heat pump to enable significant reduction in specific energy consumption. The heat pump operates at a temperature lift of 11°C in first stage. Evaporator and condenser temperatures were -8 and 3°C, respectively. Second stage of heat pump operated at a temperature lift of 31°C with flash intercooler and condenser temperatures of 3 and 34°C, respectively. Various refrigerants such as R744, R717, R290, R134a, R600, R407C and R410A were investigated as replacement for R22. Performance of the two-stage heat pump for FPCS is presented along with the effect of thermal mass of LHE tubes.
Conventional Jaggery Making Process
In a conventional batch-type jaggery making process, harvested sugarcane from field is first transported and stored near the crushing area. Electric motor or diesel engine-driven horizontal roller crushers are typically used to extract juice from sugarcane. Figure 1 shows the conventional jaggery making process along with the typical mass flows.
Juice extraction efficiency typically ranges between 60 and 70%. Wet bagasse, which is the residue from the juice extraction process, typically contains 45-55% moisture. Its moisture content is reduced between 15 and 25% to enable proper burning. Extracted raw juice is filtered to remove suspended fine bagasse particles and then pumped to settling cum storage tank. Filtered juice is preheated to 70 to 85°C in an open pan. Clarificants such as milk of lime, phosphoric acid, hydros powder, mucilage of lady's finger are added to clarify juice and improve the quality of jaggery (Sardeshpande et al. 2010; Guddadamath et al. 2014 ). First scum is removed at juice temperature of 90°C. Continuous manual stirring and scrapping the pan bottom help reduce frothing and caramelization of juice, respectively. Suryavanshi and Patel (2012) described rotating rod mechanism which helped reduce caramelization. Second scum is removed as concentration progresses. Total scum quantity removed ranges between 1.5 and 4% of juice. Jaggery is cast in moulds when the viscosity of syrup 
Limitations of Conventional Jaggery Making
The number of open pans used for concentrating juice depends on the severity of bagasse used. Some sugarcane varieties are sugar-rich, while some are fibre-rich. Single pan jaggery making with sugarcane having low-fibre and high-sugar content may require additional fuel other than bagasse obtained by crushing the sugarcane. Increasing the number of pans for preheating and concentration of juice helps improve furnace heat utilization efficiency and reduce bagasse requirement. Two-, three-and four-pan furnaces are reported in the literature. Initial investment and manpower cost increases with increase in the number of pans used. Jaggery with golden yellow colour fetches better price than dark brown jaggery. Chemical clarificants are used to improve the colour, but their addition is not desired for health reasons. Caramelization due to hightemperature boiling of sugarcane juice leads to browning of jaggery (Hugot 1986 , Kulkarni 1996 . Thus, reducing caramelization will help to reduce browning and enable chemical free jaggery making. Use of chemical clarificants derates jaggery quality. Organically grown sugarcane and use of vegetable clarificants can help to produce organic jaggery which has huge market potential in India and for export. This opportunity can be tapped by developing small capacity modular jaggery units. Automated continuous operation units, as compared to labour intensive batch operation units, will help reduce required labour and associated drudgery. These issues are addressed by the energy-efficient freeze pre-concentration of sugarcane juice using a reversible heat pump presented in this paper. The main objective of this paper is to present energy-efficient heat pump-based freeze concentrator for sugarcane juice.
Freeze Concentration Process
Water is removed in the form of ice from sugarcane juice by selective freezing. Figure 2 (ESM) shows the freezing curve on sucrose-water phase equilibrium diagram (Shiralkar et al. 2014) . The process of water removal is represented on it. Raw sugarcane juice at room temperature and 20°Brix is subcooled from point 'a' to 'b'. Solidification of water commences, at point 'b', at -1.5°C. As the freezing continues, process 'b'-'c', concentration of remaining juice increases and the freezing point depression increases. The concentration of outlet juice depends on the quantity of water separated due to freezing. The limit for this process is governed by the eutectic temperature of sugarcane juice, which is -13.9°C at 63°Brix. Beyond this point, entire juice freezes. So further concentration of juice cannot be achieved through the freeze concentration process. Due to high viscosity and increased inclusion, practical limit to concentrate sugarcane juice using the freeze concentration process is limited to around 40°Brix.
Process a-b: subcooling of solution, temperature reduces from 27 to -1.5°C at 20°Brix of solution. Process b-c: freezing of water, temperature reduces from -1.5 to -4.6°C for 20 to 40°Brix of solution.
Ice formed by concentrating 1 kg solution from 20 to 40°Brix is 0.5 kg. It is estimated using mass and concentration balance, Eq. (1),
This is 63% of total water content of 800 g in the initial solution.
Selective freezing of water inside a tube from recirculating solutions such as coffee extract, tomato juice and sucrose solution was reported by Miyawaki et al. (2005) . Layer freezing of water inside two vertical pipes of 35.7 mm diameter was reported. Pipes were externally cooled and interconnected to form a closed loop. The system was periodically open to remove ice from the pipes. First sample of sugar solution was concentrated from 8.9 to 20.7°Brix in 90 min with 5.49 mm/h ice growth rate. Inclusion reported was 0.65°Brix. Second sample of solution was concentrated from 41.4 to 54.8°brix in 130 min with 3.04 mm/h ice growth rate, where the inclusion reported was 18.7°Brix.
Inclusion increased significantly with solution concentration. Rane and Jabade (2005) proposed freeze concentration of sugarcane juice using a single-stage heat pump. They have reported concentrating juice from 20 to 40°Brix with inclusion of 4°Brix for lower ice growth rate of 3.1 mm/h. Bagasse saving estimated was about 77% along with expected improvement in jaggery quality. Specific energy requirement was 15 kWh e /m 3 water removal. Rane and Padiya (2010a, b) showed two-stage heat pump with an external condenser for freeze concentration of seawater. They reported energy need of 9 to 11 kWh e /m 3 of water separated with heat pump COP c between 8 and 12. Auleda et al. (2011) developed calculation methodology to design Sugar Tech a multi-plate freeze concentrator for fruit juice. Juice flow was gravity assisted, along vertical parallel plates. Orange juice was concentrated from 11.5 to 15.6°Brix in 81.4 min with 5.9 mm/h ice growth rate, and inclusion reported was 7.26°Brix. It can be seen that inclusion reduces with increase in the velocity of solution over the freezing surface. This paper reports an improved freeze pre-concentration system and it is compared for sugar inclusion and energy consumption.
Materials and Methods
A two-stage heat pump concentrates raw sugarcane juice from 20 to 40°Brix. Water from the pre-cooled juice is selectively frozen inside the latent heat exchanger, LHE, where refrigerant is evaporating. Ice formed in previous half cycle in the second latent heat exchanger melts using part of condenser heat. Two R290 compressors were considered while evaluating the effect of thermal mass of the heat exchangers. Low-pressure compressor considered was of 1.5 TR fixed speed type, while a 0.4 TR variable speed compressor serves as the high-pressure compressor. Patented tube-and-tube heat exchangers with SS304 circular tubes of 9.52 mm OD and 1 mm thickness are considered. The number of tubes considered in series and parallel is estimated.
Freeze Concentration System
Schematic of freeze pre-concentration system is shown in Fig. 3 . The system consists of a liquid-liquid heat exchanger, LL_HE, two latent heat exchangers, LHEs, and concentrated juice and water heater, CJ&WH. LL_HE is a three stream heat exchanger which pre-cools raw sugarcane juice using streams of concentrated juice coming from evaporator and cold water coming from condenser LHE during each half cycle. One LHE is used for freezing of water from juice and another for melting of ice deposited in the previous half cycle. They are operated alternately as evaporator and condenser. CJ&WH recovers the excess heat of condenser from first stage along with second-stage compressor work to heat concentrated juice and water leaving from LL_HE. This system consists of 1 three-way valve, V1, which directs juice flow to LHE, working as evaporator and three four-way valves, V2, V3 and V4. Valve, V2, directs concentrated juice flow coming from the evaporator to the LL_HE. Two valves, V3 and V4, direct refrigerant flow in heat pump circuit to enable changing over of the LHE mode of operation between evaporator and condenser.
Working Principle
Raw sugarcane juice at room temperature, about 27°C, enters the evaporator, LHE1, through LL_HE where it gets pre-cooled to -1.5°C using the cold concentrated juice and cold water streams. Ice layer builds up inside the tubes Fig. 3 Freeze pre-concentration of sugarcane juice using heat pump Sugar Tech of evaporator maintained below the freezing temperature of juice, which is -1.5°C at inlet and drops to -4.6°C at outlet. As ice gets deposited inside the tubes, it reduces the evaporator temperature due to low thermal conductance of ice layer. Thickness of ice layer varies with time. Change over of LHE mode of operation was enabled at ice layer thickness of 1-3 mm to see the effect of this on the overall energy consumption per unit water separated. Concurrently in the condenser, LHE2, ice which was formed in the previous cycle melts after getting heated from -4.6 to 0°C. Switching over of valves from first half cycle to the second half cycle is enabled at predefined evaporator pressure. This controls the maximum ice layer thickness in the evaporator. During second half cycle, LHE1 acts as condenser and LHE2 acts as evaporator.
Refrigerant evaporating in the first stage, the low-pressure stage of the heat pump, extracts heat from the evaporator, LHE. The low-pressure compressor compresses the refrigerant vapour, and part of it condenses in the condenser, LHE. Uncondensed vapour is compressed using the high-pressure compressor, the second stage of the heat pump, and rejects the balance heat into the CJ&WH. Sugarcane juice is cooled in the evaporator to enable freezing of ice on the surface of the latent heat exchanger. Concurrently, ice formed in previous cooling cycle melts in the condenser. Heat rejected in the CJ&WH is used to heat the concentrated juice and cold water before they are sent out from FPCS. Processes of cooling and heating in LHEs are shown in Table 1 . Liquid-vapour mixture of refrigerant from condenser, LHE2, is directed to four-way valve, V3, and separated in the flash intercooler, FIC. Saturated liquid refrigerant from FIC is expanded into the evaporator, LHE1, through expansion valve, EV1. It receives heat from pre-cooled juice and forms ice on inside surface of tube.
Saturated vapour of refrigerant from evaporator, LHE1, is sucked by LP compressor and half cycle repeats after switching of valves back to the first half cycle. During both half cycles, excess heat of condenser, LHE, is rejected with the help of second-stage compressor and CJ&WH. It is utilized to heat concentrated juice and cold water streams leaving the LL_HE. Table 2 shows various common refrigerants which were investigated for possible use in the FPCS. Refrigerants R744 and R290 were chosen for detailed investigation based on their environmental impact and suitability for deployment in small modular systems, and R22 was also considered for comparison as it still is a widely used refrigerant in small unitary systems in India. Evaporator and condenser pressure are higher for R744. Density of vapour at inlet of compressor is highest as compare to other selected refrigerants. It enables building the system with small-diameter tubes. High ratio of specific heat leads to higher compressor exit temperature of refrigerant. High superheat increases irreversibility and reduces COP. Ammonia is toxic as well as flammable and not suitable for small modular systems due to maintenance issues with open-type compressors. R134a has high GWP. R600 has 6% less latent heat of vaporization than R290. However, as compressors are not readily available in Indian market, it is less preferred. R407C and R410A are zeotropic mixtures. They also have high GWP. Latent heat of vaporization is about 7% less than R290.
Selection of Refrigerant
R290 is identified as preferred refrigerant as it is a natural refrigerant, and has zero ODP and significantly lower operating pressures compared to R744. Use of small- diameter refrigerant tubes enables to maintain R290 charge of less than 360 g. It addresses safety-related issues for modular small capacity systems. R290 has low superheat, 9°C at compressor outlet, and this helps balance the loads in the two LHEs. Flashing of refrigerant at evaporator inlet is low for R290 at * 7% as compared to 10% for R744. Generally, R744 is preferred when high-temperature heating is required. But, high superheat at compressor outlet and increased flashing at evaporator inlet reduces the performance of the R744 system in the FPCS, making R744 a less preferred option as compared to R290 and R22.
Heat Exchangers
There are four tube-and-tube heat exchangers, TT_HE, in FPCS: one LL_HE, two LHEs and one CJ&WH. Tubeand-tube heat exchangers are patented vented double-wall heat exchangers, wherein two or three fluids can conveniently exchange heat with each other (Rane and Tandale 2002) . All the fluids, refrigerant, raw juice, concentrated juice and separated water flow inside their respective tubes. Heat transfer takes place between the fluid and the inner wall of the tube. Thermal bonding material then transfers heat to adjoining tube/s. Optimal selection of tubes is possible by suitably selecting tube sizes. Reducing inclusion and enhancing heat transfer coefficient are feasible with this design. The inclusion of sugar in separated ice reduces with increase in solution velocity (Chen et al. 2014) . Selecting smaller-diameter tube on juice side increases velocity and reduces inclusion. Smaller wall thickness of tubes reduces mass and thermal cycling loss during switching after each half cycle. Vented double-wall design prevents accidental mixing of refrigerant and juice.
Pre-cooling of raw juice takes place in a three stream TT_HE. Cold water and concentrated juice streams are preheated using this heat in the LL_HE. Evaporator and condenser LHEs are identical. Evaporator becomes a condenser and condenser in earlier half cycle becomes evaporator. CJ&WH heats up concentrated juice using excess heat of condenser, LHE, along with small compressor work in second stage of heat pump.
Effect of LHE Thermal Mass
Commonly available SS304 tubes, 6.35, 9.52, 12.7, 19.05 and 25.4 mm OD with 1 mm thickness are selected for comparison of thermal mass, the mass of separated ice, ice thickness and its conductance. Typically, ice formed inside the juice tube during each half cycle occupies two-third of the internal volume of the tube. Ice thickness is calculated based on ice volume. The ratio of latent heat of ice formed to the total of latent heat of ice and enthalpy due to the thermal mass of tube gives cooling effect utilized for ice formation. It increases as the tube diameter increases. It is 89% for 9.52 mm OD tube. Cooling effect lost due to thermal mass increases to 20% for 6.35-mm OD tube, as shown in Fig. 4 (ESM) . Cycle time is less for smaller tubes. Loss due to washing of ice surface also increases.
Higher velocity of the solution in small-diameter tubes reduces the average distribution coefficient, ADC. Low ADC represents the low inclusion of sugar in the separated ice (Chen et al. 2014) . Inclusion of sugar in the separated water is 13.5°Brix at 2.62 mm/h ice growth rate, which is 33.4% of total available sugar in raw juice.
Thermal conductivity of ice is 2.24 W/(m K). Conductance through ice layer decreases as the ice thickness increases. It reduces overall heat transfer coefficient. Conductance of 1.6-mm-thick ice is 1.4 kW/(m 2 K) for 9.52-mm OD tube. Mass of ice separated from raw juice is 27 g/m length of tube. Based on the conductance of ice layer and thermal mass, 9.52-mm OD tube was selected for LHEs. 
Results and Discussion
Raw juice is concentrated from 20 to 40°Brix. Mass flow rates of concentrated juice and separated cold water are nearly equal. Pre-cooled raw juice flows through the evaporator LHE, while cold water flows through the condenser LHE, which has half the mass flow rate of raw juice. This requires additional stage to reject excess heat from the vapour to be condensed, the LHE, along with HP compressor work from FPCS. Theoretical cooling coefficient of performance, COP c , for freezing of water is 23.5 if R290 is the refrigerant. COP c is 20 for R22. Reduction in COP c increases the condenser duty. It increases the heat duty of CJ&WH. Higher heat duty of CJ&WH increases temperature of concentrated juice and water at exit end of CJ&WH. It also increases the condensing temperature of second stage. This reduces second-stage performance, and hence, overall performance of FPCS system reduces. Figure 5 (ESM) depicts the t-s and p-h diagram for R290-based FPCS. Refrigerant data is referred from ASHRAE (2013). Temperature of the refrigerant at R290 compressor outlet is 8.6°C. This temperature increases to 13°C for R744 and 11°C for R22. Higher adiabatic index of 1.9 for R744 as compared to 1.21 for R290 leads to increased heat mismatch in the LHEs and increased heat duty of CJ&WH in second stage for R744 compared to that for R290. As R290 system offers better energy efficiency compared to R744. R290 compressors are readily available. They are lighter and cheaper than comparable duty R744 compressors, and R290 works out to be the preferred refrigerant for FPCS.
LL_HE enables transferring excess heat, of condensing vapour along with HP compressor work, to the streams of concentrated juice and cold water leaving the FPCS. Simulation is performed in MathCAD. Table 3 (ESM) lists the state point for simple heat pump cycle for steady-state condition. Theoretical water removal rate is 55.1 kg/h for 0.23 kW e electrical energy input. Specific energy consumption, without accounting for various losses, works out to be 4.2 kWh e /m 3 of water separated. Energy consumption in a practical system is expected to increase to about 8.8 kWh e /m 3 of water separated, after accounting for the thermal cycling losses due to the LHE thermal mass and heat gain by the system components from the surrounding.
Heat balance in LHEs, Fig. 6 (ESM), indicates that total useful cooling effect utilized in the evaporator is 83.6% and total heating effect utilized in the condenser is 79.1%. Ambient heat gain is minimized by adequately insulating the system components. Thermal cycling loss is evaluated to be about 11% of total cooling effect for 9.52-mm OD 9 1-mm-thick SS304 tubes. It decreases with increase in tube diameter, but the overall heat transfer coefficient reduces. Overall heat transfer coefficient for 9.52-mm OD and 7.52-mm ID tube reduces from 255 W/(m 2 K) without ice layer to 90 W/(m 2 K) at 1.6 mm ice thickness. The present work reports significant advancement over the previously reported work. COP c is increased up to 14 and specific energy consumption reduced to 8.8 kWh e /m 3 of separated water. COP c of 6.85 was reported by Rane and Jabade (2005) using R22-based heat pump, where specific energy consumption was 15 kWh e /m 3 of separated water.
Conclusions
Selective freezing of water from sugarcane juice for jaggery making is investigated using a low lift heat pump. R290 is found to be the preferred environment-friendly refrigerant as compared to R744 and R22. Thermal cycling loss in the latent heat exchangers of the batch process is reduced to 11% by optimizing SS304 tube size. The two-stage heat pump is designed to operate at -8°C evaporator and 3°C condenser in the first stage. Separated ice picks up most of the condenser heat as it melt and rest of the uncondensed vapour is compressed further. Secondstage condenser operates at 33.8°C while transferring heat to the concentrated juice and separated water. Overall system cooling COP achievable in a practical system is 14. This is after accounting for losses due to thermal cycling of LHEs, ambient heat gain, variation in freezing point depression, ice layer thickness and performance of the compressor. Power required for 1.5 TR FPCS is 0.41 kW e . Specific energy consumption is about 8.8 kWh e /m 3 of water separated. This should make low-temperature preconcentration commercially viable.
